Field experiments were conducted during 1963-1967 at Mandan, N. Dak., to compare effects of furrow and surface drilling methods and fall and spring moisture differentials on winter wheat (Triticum aestivum L.) survival and yield. A system was developed to permit collecting winter wheat plants from frozen soil for survival counts.
I
N semiarid regions of the northern Plains, winter wheat (Triticum aestivum L.) production is highly dependent upon winter survival, which is related to the hardiness of the variety. Hardiness is associated with low respiratory activity, which appears to be related to the maintenance of higher sugar reserves (6). However, certain environmental conditions also contribute heavily to winterkill. Salmon (9) classified these as: (a) frost heaving, (b) ice smothering, (c) physiological drought, and (d) direct effect of low temperature on the plant tissue and protoplasm.
Winter wheat survival of about 40% is generally considered adequate to provide a reasonably good stand if plants are properly spaced (12). If survival is less, the planting is generally destroyed and spring grains are seeded. Since in nothern regions only 2 to 6 weeks elapse between winter wheat harvest and seed-ing, almost all winter wheat must be produced on fallow (11). Data from Nebraska (3) and Montana (8) indicate that proper seeding date will improve plant stand and yield.
Sarvis and Thysell (10) investigated winter wheat survival and production in North Dakota prior to 1936. Twenty years of experimentation indicated that (a) seeding in stubble and row crops was hazardous because of dry surface soil in fall, (b) seeding on fallow with a double-disk drill resulted in serious winterkill, and (c) some varieties lacked hardiness and disease resistance. However, they noted that survival was relatively high for winter wheat seeded in stubble in years when fall precipitation was sufficient to provide a good stand. Winter wheat seeded on fallow in the bottom of lister furrows also survived well. Conlon and Douglas (2) in 1955 reported that winter wheat varieties available then lacked hardiness and rust resistance.
Recently, plant breeders have improved the hardiness and disease resistance of winter wheat. Engineers have developed drilling equipment specifically designed for winter wheat. These improvements have allowed winter wheat production to move further north and east (1, 4). Only limited information is available on how seeding method and moisture affect winter survival and yield of the improved varieties. The experiments described in this paper were conducted at Mandan, North Dakota, to provide detailed information on the effects of present variety and practices upon winter wheat survival and yield.
MATERIALS AND METHODS
The effects of moisture supply and method of seeding on winter survival and yield of winter wheat were studied in field experiments in 1963 through 1967 on Eakin silt loam, a chestnut soil formed in loess overlying glacial till. Each year the experiment was conducted on the same site after plowing under the stubble of the previous grain crop. Experimental treatments consisted of a complete factorial arrangement of (a) two methods of seed placement (in furrows and surface drilling), (b) two moisture levels in fall (minimum of 20 and 90 cm of moist soil at seeding) and (c) two moisture levels in spring (natural precipitation versus natural precipitation plus 50 mm irrigation in spring). Soil moisture levels in fall were established by preplant irrigation. Furrows 10 to 15 cm deep were formed with a lister and winter wheat was seeded in the bottom of the furrow with a hand seeder. Surface drilling was accomplished by seed-inl; on a levelled surface with a hand seeder. For both methods of seeding, 50 kg seed per ha was placed approximately 5 cm below the soil surface in rows spaced 20 cm apart. Plantings were made in early Septetnber. Soil temperatures at 10 and 15 cn: depths were measured on all treatments at weekly intervals during the winter months.
Treatments were randomized in each of four replications, wi:h plot dimensions of 1.8 X 2.4 m. All plots received a broadcast application of 55 kg of N per ha prior to planting each year. Phosphorus (0-45-0) was drilled with the seed at the rate of 20 kg P per ha. An additional 11 kg of N per ha was broadcast on all plots in early spring each year except 1964. 'Cheyenne' winter wheat was used in 1963 and 1964 and 'Minter' in 1965 and 1966 . In the spring of 1965 all plots were.reseeded to spring wheat because of complete winterkill. st plant extraction system was developed to permit collection of plants from frozen soil during winter for survival measurements. A wire bail (two twisted strands of number 14 wire) wa:; sbape, d to fit snugly under the bottom and up both outsid,2s of a clean quart can (both ends removed). Both ends the wire bail terminated in loops. After seedling emergence, the car. with wire bail in position was pressed into the soil, leaving loops slightly above the soil surface. At periodic intervals during the winter, a hand jack was placed on an elevated plank above the can, the jack was hooked into the wire loops, and cans with frozen soil cores were raised out of the soil. Cans with the enclosed plants were placed in the greenhouse at 15 to 20C for at least 2 weeks during which time surviving plants resmned growth. Cores of soil were then broken apart, the living and the dead plants were counted, and percent survival wa,' calculated. Survival data were collected on cores extracted about January t, February 15, March 31, and May 5 each year.
RESULTS AND DISCUSSION
Survival data were obtained from 16 individual co~es per treatment at each sampling date. With the 90-cm moisture level average survival in mid-February and in htte March was significantly greater for furrow th~n for surface seeding (Table 1) . Ave.rage survival wa~ also greater with the higher fall moisture supply. In most years, survival decreased substantially between the January and mid-February samplings. This wa..; particularly evident in 1965 when survival decreased from over 90% to almost zero during this period. Ge.nerally, changes in survival after mid-February were relatively small. The complete winterkill in 1965 indicates that climatic factors may have a much greater impact on winter wheat survival than does seeding method or fall moisture.
In all years except 1965, May survival was over 40% and plantings were permitted to mature. In May of each year, two observers independently estimated winter wheat stands on each plot. Stands were rated from zero to 100%. The average of these visual estimates of ~.;pring stands agreed very closely with the percent survival measured in May and reported in Table 1 .
Mean air temperatures for biweekly intervals during winter months are presented in Fig. 1 . Air temperatures were highest in 1963-64 and 1966-67, with no prolonged cold periods either year. In 1964-65 a prolonged period of severe cold was experienced in December. During January 1966, the lowest temperatufts during the study were recorded, but the durariot. of tttis cold period was brief. Only mild winterkill occurred in 1963-64 and 1966-67, while winterkill was complete in 1964-65 and partial in 1965-66. Method of seeding had no consistent effect upon soil temperature.
Salmon (9) and Nelson (5) show that plants be killed by cold, but that injury increases with duration as well as degree of cold. Therefore, the degreeday concept was used to quantitate intensity and dura~T ahle 1. Survival of winter wheat at various sampling dates. 1964, 1965, 1966 and 1967, respectively. Relationships between cumulative degree days and survival of winter wheat are presented in Table. . 2. Winter wheat survival for both furrow-and surEtcedrilled treatments was significantly correlated with cumulative degree days for both February and March samplings. In all instances the correlation coefficients Table 2 . Regression equations and correlation coefficients between degree days after December 1 (x) and winter wheat survival (y) (n-16).
Fig. 2. Cumulative mean air temperature in degree days (-17.8C) after December 1.
were over 0.95. The relationships in January were not significant. Correlation also was significant (r -0.955) between cumulative degree days by mid-February and survival in late March (not shown in Table   2 )-When cumulative degree days were calculated from a base of -2.2C (28F) of daily maximum (rather than mean) air temperatures, highly significant correlations with winter survival were again determined for February and March samplings (Table 2) . Since mid-winter thaws are generally associated with maximum daily air temperatures in excess of -2.2C, these results indicate that such brief thaws may have a beneficial, rather than detrimental effect on winter survival. This may have occurred because such afternoon thaws melt the snow trapped around the plant crown, thereby improving the water status of the crown. Snow cover up to 10 cm was present an average of 50% of the time from December through March.
Grain yields of winter wheat were significantly increased by furrow seeding (Table 3) . Yield difference between furrow and surface drilling was 282 kg per ha (3-year average). Similar differences have been measured in other areas of the northern Plains (1, 4, 7) . In only 1 of the 3 years did higher soil moisture in the fall (1967) or spring (1964) increase yield.
These studies indicate that survival of winter wheat in northern regions depends to some extent on the protection afforded the crown and on moisture conditions during winter months. Furrow seeding trapped a few centimeters more snow around the plant crowns than did surface drilling. This snow trapping may Values followed by the same letter do not differ from each other significantly at the 5% level of probability; no 1965 yield because of winterkill.
provide both protection for the crown and some extra water from snowmelt during brief mid-winter thaws. However, more important in determining winter survival is the climatic conditions during early winter. The data collected here indicate that intensity and duration of cold spells prior to February 15 regulate winter-kill. At some temperature below OC soil water freezes to the extent that the dormant plant is unable to absorb sufficient water to replace that lost by the slow rate o£ tranpiration it maintains (9). If this condition exists for a prolonged period, the plant dies.
